Introduction
============

Niemann Pick C \[NPC-MIM 257220; MIM607625\] disease is a neurodegenerative lysosomal storage disorder due to mutations in *NPC1* or *NPC2* genes, characterized by the accumulation of endocytosed unesterified cholesterol, gangliosides and other lipids within the lysosomes/late endosomes. Both proteins are involved in the intracellular trafficking of cholesterol and other lipids. Thus, the deficiency of either of them leads to the accumulation of the endocytosed unesterified cholesterol, gangliosides and other lipids within the lysosome/late endosome compartment \[[@B1]\].

Clinically, NPC disease presents a highly variable phenotype ranging from fetal to adult age. Even though initial manifestations are typically systemic, including liver and spleen enlargement, the disease has been classified according to the age at onset of neurological symptoms in: severe infantile form (onset before 2 y of age), late infantile form (onset between 3-5 y of age), juvenile form (onset between 5 and 16 y) and adult form (onset at age\>16 y) \[[@B1],[@B2]\].

Approximately 95% of NPC patients present mutations in *NPC1* gene (MIM 607623; chr 18q11-q12) \[[@B3],[@B4]\], which encodes a membrane glycoprotein of 1,278 amino acids containing 13 transmembrane domains and localized in late endosomes \[[@B5]\]. The other 5% of patients present mutations in *NPC2* gene (MIM 601015; chr 14q24.3) \[[@B6]\] encoding a soluble 151 amino acid protein that is present in the lumen of lysosomes.

Despite the progress in characterizing the biochemical and genetic defects in NPC disease, the mechanisms underlying the pathophysiology of this disorder are not clear and the currently available therapeutic interventions are limited. In particular, the analysis of the molecular pathways linking the lipid accumulation and cellular damage in the brain has been challenging due to the limited availability of neuronal models.

Two mouse models of NPC disease have been described and used to study NPC pathogenesis, the BALB\\c NPC \[[@B7]\] and the Npc1 (nmf164) mouse \[[@B8]\]. The naturally occurring BALB\\c NPC mouse recapitulates the main features of human pathology \[[@B7]\]. However, while this model presents a very severe phenotype, most NPC patients present with a less severe form of the disease. This issue is particularly relevant when this model is used to test new potential therapies since the very acute nature of the BALB\\c NPC mouse model may mask the potential benefits of therapies that could be useful in a clinical setting in patients. Recently, a new mouse model of NPC disease, Npc1 (nmf164) carrying a c.3163A\>G mutation that results in an aspartate to glycine change at position 1005 (D1005G), has been generated. This mutant mouse displays a slower development of the NPC phenotype than the BALB\\c NPC mouse. Therefore, it may represent a good model for the late-onset, slower progressing forms of NPC disease \[[@B8]\]. However, it is worth noting that some characteristic features of NPC human neurons are not present in mice, suggesting important species differences between mice and human NPC neurons \[[@B9]-[@B11]\].

Many studies have been performed in peripheral cells in culture. However, the obtained results might not be extrapolated to neuronal cells since the pattern of accumulated lipids is quite different between peripheral and central tissues \[[@B12]\].

Recent advances in human stem cell biology and the optimization of protocols for *in vitro* differentiation of stem cells into different cell lineages have opened new possibilities for generating disease cellular models.

Pluripotent cells have the ability to form all the body\'s cell lineages, including germ cells and some extra-embryonic cell types \[[@B13]\]. The analyisis of blastocyst chimerism and tetraploid aggregation followed by gestation are the most appropriate tests employed to assess mouse stem cell pluripotency \[[@B13]\]. Human stem cell pluripotency cannot be tested for their ability to generate fully functional germ cells *in vivo* without raising ethical concern. Consequently, a surrogate test for human stem cell pluripotency is teratoma formation upon administration to a receptive animal \[[@B13]\]. Interestingly, a number of reports have demonstrated that adult human tissues host widely multipotent cells. Although these latter are able to differentiate, both *in vitro* and *in vivo*\[[@B13],[@B14]\], into mesodermal \[[@B15]\], ectodermal \[[@B16]\] and endodermal \[[@B17]\] derivatives, even at a clonal level \[[@B18]\], they do not form either teratomas *in vivo* or contribute to the germ cell lineages, thus not entirely fulfilling the criteria for pluripotency. This may be secondary to epigenetic differences between adult and embryonic stem cells \[[@B14]\].

Our group has described a highly reproducible method to isolate, from different adult human tissues (heart, liver and bone marrow), a population of multipotent stem cells (named Multipotent Adult Stem Cells or MASC), which express several pluripotent state specific transcription factors (i.e. OCT4, Nanog, Sox2, and Rex1), display high levels of telomerase activity and show all the characteristics of stem cells, such as clonogenicity and self renewal. Furthermore, they present a highly similar gene expression profile, irrespectively from the tissue of origin and they maintain the ability to differentiate along some derivatives of the 3 germ layers, including neuroectoderm \[[@B19]\].

The aim of this study was to develop a human neuronal model of NPC disease by inducing neuronal differentiation of stem cells isolated from skin biopsies or fibroblasts in culture obtained from NPC patients.

Methods
=======

Human samples
-------------

Specimens from 3 patients affected by NPC disease (two of them were siblings) and 3 normal controls have been used in this study. Samples from a patient affected by Sandhoff disease were used as positive control for ganglioside accumulation assays.

All 3 NPC patients presented the classical biochemical phenotype characterized by massive lysosomal/late endosomes accumulation of unesterified cholesterol in cultured fibroblasts. The diagnosis was confirmed by sequencing both *NPC1* and *NPC2* genes. All patients had mutations in the *NPC1* gene. The two affected siblings presented the c.3182T\>C (P.I1061T)/c.3182T\>C (p.I1061T) genotype, while the third unrelated NPC patient presented the c.2795+1G\>C/c.3493G\>A (p.V1165M) genotype. This study was approved by the ethical committee of the University Hospital "S. Maria della Misericordia" and written consent was obtained from all subjects.

Stem cell selection and culture
-------------------------------

Stem cell enriched cultures were obtained, both from skin biopsies and from already established skin fibroblast cultures at early passages (P1, P2, P3), adapting the methods previously described \[[@B19],[@B20]\].

Briefly, skin biopsies were minced and digested with 0.04% of collagenase type I (Sigma-Aldrich) for 15 minutes at 37°C. Cell suspension was filtered through a 40 μm nylon membrane (Dako) and 4 × 10^4^ cells/mm^2^ were plated onto fibronectin coated dishes (10 μg/100 mm plate, from Sigma-Aldrich). In alternative, 2 × 10^6^ cells directly isolated from human skin biopsies or 1 × 10^6^ cells obtained from confluent primary skin fibroblast cultures, were seeded onto 100 mm plates coated with fibronectin and expanded at least for three passages in a selective media composed of 60% Dulbecco's Modified Eagle medium (DMEM)/40% MCDB-201 (Sigma-Aldrich) supplemented with 1 mg/ml Linoleic Acid-BSA (Sigma-Aldrich);10^-9^ M dexamethasone (Sigma-Aldrich); 10^-4^ M Ascorbic acid-2 phosphate (Sigma-Aldrich); 1X Insulin-transferrin-sodium selenite (Sigma-Aldrich); 2% fetal bovine serum (FBS), (STEMCELL Technologies), 10 ng/ml human PDGF-BB (Peprotech EC); 10 ng/ml human EGF (Peprotech EC). Medium was replaced every 4 days and cells were split when they reached 70/80% confluence.

Single cell cloning
-------------------

Stem cells, at the third passage in culture (P3), obtained from healthy donors (n = 600 cells) and NPC patients (n = 600 cells) were individually deposited directly into fibronectin-coated wells of 96-well plates (Falcon, BD-Biosciences, Italy) with an automated cell sorter (FACSAria, BD), and cultured in expansion medium supplemented with 10% FBS \[[@B19],[@B20]\]. To determine sorting efficiency and to verify if any well was seeded with more than one cell, we utilized the Vybrant CFDA SE (CFSE) as a cell tracker (Molecular Probes, Invitrogen). Wells were examined twice a week in order to determine the fraction of cells able to give rise to proliferating clones.

Multilineage differentiation
----------------------------

Multilineage differentiation was evaluated as previously described \[[@B19],[@B20]\].

Muscle cell- and endothelial cell- differentiation was achieved plating 0.5 to 1 × 10^4^/cm^2^ cells in expansion medium containing 5% FBS (Sigma-Aldrich), 10 ng/mL bFGF, 10 ng/mL VEGF, and 10 ng/mL IGF-1 (all from Peprotech EC), but not EGF. Cells were allowed to become confluent and cultured for up to 2 weeks with medium exchanges every 4 days.

Hepatocytic differentiation was induced growing cells for two weeks at high density (2 × 10^4^/cm^2^) onto fibronectin coated coverslips in a medium containing 0.5% FBS, 10 ng/ml FGF-4 and 20 ng/ml HGF (both from Peprotech EC).

For neurogenic differentiation, stem cells obtained after 3 passages in selective medium, were seeded at a density of 8000 cells/cm^2^ into 96 multiwell plates (BD Biosciences) or on coverslips. The differentiation protocol was adapted from a method previously described \[[@B19],[@B20]\]. Briefly, cells were plated in medium containing DMEM-HG with 10% FBS (called N1 medium). After 24 hours the DMEM-HG was replaced with fresh medium supplemented with 1% of B27 (Invitrogen), 10 ng/ml EGF (Peprotech) and 20 ng/ml bFGF (Peprotech) (called N2 medium) for 5 days. Thereafter, cells were incubated for 24/48 hours in DMEM supplemented with 5 μg/ml insulin, 200 μM of indomethacin and 0.5 mM IBMX (all from Sigma-Aldrich) without FBS (called N3 medium).

Flow cytometry analysis
-----------------------

After at least 3 passages in selective medium, stem cells were detached and stained with the following primary conjugated antibodies: CD10, CD13, CD29, CD49a, CD49b, CD49d, CD90, CD73, CD44, CD45, HLA-DR, CD117, CD34, CD271 (BD Biosciences), CD105, CD66e, KDR (Serotech), CD133 (Miltenyi Biotec), CXCR4, (R&D), ABCG-2 (Chemicon International). The percentage of cells expressing all considered antigens was determined by flow cytometry analysis (CyAn, Beckman Coulter). Properly conjugated isotype matched antibodies were used as negative controls.

Filipin staining
----------------

Filipin staining was performed using the method described by Blanchette-Mackie et al. \[[@B21]\]. Briefly, cells grown on coverslips, were incubated in serum free medium for 24 hours and then treated for 24 hours with LDL enriched medium. Cells were rinsed with PBS and fixed with 3% paraformaldehyde. After washing them with PBS, the cells were incubated with 1.5 mg of glycine/ml PBS for 10 minutes, stained with filipin (0.05 mg/ml, in PBS 10% FCS) for 2 hours and examined using a Zeiss fluorescence microscope.

Periodic acid Schiff staining (PAS)
-----------------------------------

PAS was employed to detect glycogen accumulation. Slides were oxidized in 1% periodic acid for 5 minutes, rinsed three times in distilled water and treated with Schiff's reagent for 25 minutes. After extensive washing, slides were stained with Mayer's hematoxylin for 10 minutes.

Immunofluorescence microscopy
-----------------------------

*Protein markers*: Cells were grown on coverslips then fixed in 4% paraformaldehyde for 20 minutes at room temperature, permeabilized 10 minutes at room temperature with 0.1% Triton X-100 (Sigma-Aldrich) and stained overnight at 4°C to visualize stem cell markers: Oct4 (Abcam, Rabbit polyclonal, 1:150), Nanog (Abcam, Rabbit polyclonal, 1:200), Sox2 (Millipore, Mouse monoclonal, 1:200), Nestin (Millipore, 1:100); myocytes specific markers: smooth muscle actin (SMA) (Sigma, 1:50 mouse monoclonal) and α-sarcomeric actin (ASA) (Sigma, 1:100 mouse monoclonal); endothelial cell marker: CD31 (Dako, 1:50 mouse monoclonal); hepatic specific marker: cytokeratins 8, 18, and 19 (CK) (1:50 mouse monoclonal); or neural specific markers: tubulin beta 3 (COVANCE, 1:1000 mouse monoclonal), NeuN, (Millipore, 1:50 mouse monoclonal) and MAP2 (Millipore, 1:50 rabbit polyclonal). Secondary antibody staining was done with donkey anti-rabbit or donkey anti-mouse antibodies (Alexa-Fluor 555 or 488, Molecular Probes) at 1:600 dilutions. Images were obtained with a live cell imaging dedicated system consisting of a Leica DMI 6000B microscope connected to a Leica DFC350FX camera (Leica Microsystems); 10X (numerical aperture: 0.25), 40X oil immersion (numerical aperture: 1.25) and 63X oil immersion (numerical aperture: 1.40) objectives were employed.

*GM2andGM3analysis*: The analysis of GM2 and GM3 gangliosides was performed as previously described \[[@B22]\]. Cells were grown on coverslips then fixed in 4% paraformaldehyde for 45 minutes at room temperature. Cells were then incubated at room temperature for 1 hour in blocking buffer \[PBS with 10% normal donkey serum (NDS) and 0.02% saponin (Sigma-Aldrich)\] and stained overnight at 4°C with mouse anti-GM2 (1:20 in blocking buffer) or mouse anti-GM3 (1:20 in blocking buffer). Cells were then incubated with a TRITC conjugated donkey anti-mouse IgM \[1:80 in PBS with 2% NDS and 0.02% saponin (Sigma-Aldrich)\]. For colocalization studies, a monoclonal anti-LIMP-1 (Novus Biologicals, Littleton, USA) was used as a primary antibody, and an Alexa fluor-conjugated anti-mouse (Invitrogen, Carlsbad, CA, USA) as a secondary antibody.

In all cases, nuclei were stained by DAPI (Vector Laboratories, Inc) and Vectashield (Vector) was used as mounting medium. Epifluorescence and phase contrast images were obtained with a live cell imaging dedicated system consisting of a Leica DMI 6000B microscope connected to a Leica DFC350FX camera (Leica Microsystems); 10X (numerical aperture: 0.25), 40X oil immersion (numerical aperture: 1.25) and 63X oil immersion (numerical aperture: 1.40) objectives were employed. Adobe Photoshop software was utilized to compose and overlay the images, and adjust contrast (Adobe, USA). The counts of positive cells were done manually, considering, where possible, 100 positive events per sample.

Real-time RT-PCR
----------------

Total RNA was extracted from both non-confluent cultures of undifferentiated and differentiated cells at P3 using the TRIzol Reagent (Invitrogen). After treatment with DNase I (Ambion), first strand cDNA synthesis was performed with 1 μg total RNA using random hexanucleotides and MMLV reverse transcriptase (Invitrogen). Primers were designed from available human sequences using the primer analysis software Primer3 (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1). Quantitative RT-PCR was performed using Roche LightCycler 480 Real-Time PCR System and the LightCycler 480 SYBR Green I Master (Roche), following manufacturer's instructions. GAPDH was used as internal control for normalization. LightCycler 480 Basic software (Roche) utilized the second derivative maximum method to identify the crossing point (Cp).

Evaluation of apoptosis
-----------------------

Apoptosis in differentiated cells at P3 was evaluated by staining of phosphatidylserine exposed on cell membranes with FITC labeled Annexin V, according to the manufacturer's instructions (Sigma-Aldrich) and analyzed by flow cytometry using a FACScan (Becton Dickinson, Franklin Lakes, NJ, USA).

Morphological analysis
----------------------

Morphological analysis data were collected by using the BD Pathway bioimaging platform. Differentiated cells were first immunostained for the neural marker MAP-2, then images were acquired on a BD Pathway 855 using a 20X objective (0.75 NA) in the form of 2 × 2 montage. The images were then analyzed using BD's Neurite Outgrowth Algorithm that automatically measure parameters describing neurite outgrowth.

Statistical analysis
--------------------

Statistical analysis was performed using Student's *t* test or one-way ANOVA test, followed by Bonferroni post-test. The analyses were carried out using the software Prism, version 4.0c, GraphPad Software, San Diego, CA, USA; JMP7, SAS Institute Inc., Cary, NC, USA.

p\<0.05 was considered statistically significant.

Results
=======

Stem cell characterization
--------------------------

In order to isolate multipotent stem cells from NPC patient samples, we applied a protocol that was optimized for the growth of widely multipotent cells with mesenchymal features (named human multipotent adult stem cells-hMASC) from several human tissues \[[@B19],[@B20]\] to both freshly obtained skin biopsies and previously established skin fibroblast cultures. If successful, this latter strategy would allow us to derive multipotent cells from already available bio-repositories of cell lines, obtained from patients suffering from rare diseases, such as NPC, for diagnostic purposes.

When exposed to a selective culture medium enabling the growth of hMASC, proliferating cell lines could be obtained from all skin biopsies. On the contrary, only those fibroblast cultures that had not been extensively expanded *in vitro* (\< 3 passages *in vitro*) were responsive to these stringent culture conditions. After 3 passages in the selective medium, the cells acquired a homogeneous morphology as shown in Figure [1](#F1){ref-type="fig"}A-D. No differences were observed neither between cells obtained from NPC patients and normal controls nor between cells obtained from biopsies or from already established skin fibroblast cultures.

![**Characterization of stem cell populations obtained from skin biopsies or already established skin fibroblast cultures.** (**A**-**D**) Phase contrast images of hSKIN-MASC at the third passage in culture: **A**-**B**) hSKIN-MASC obtained from skin biopsies of a healthy donor (**A**) and a NPC patient (**B**). **C**-**D**) hSKIN-MASC obtained from already established skin fibroblasts from healthy donor (**C**) and NPC patient (**D**). (**E**) Surface immunophenotype: representative flow cytometry histograms of skin derived stem cell cultures. Plots show isotype control IgG-staining profile (green histograms) versus specific antibody staining (red histograms). (**F**-**H**) Pluripotent state specific transcription factor expression: representative fluorescence images of Oct-4 (green fluorescence; **F**), Nanog (green fluorescence; **G**) and Sox-2 expression (green fluorescence; **H**) localized in the nuclei of skin derived stem cell cultures. Nuclei are depicted by the blue fluorescence of DAPI staining (**F-H**). **I)** Quantification of the percentage of cells expressing Oct4 (white bars), Nanog (black bars) and Sox-2 (gray bars) in hSKIN-MASC obtained both from healthy donors (CTRL, n = 3) and NPC (n = 3) skin biopsies or healthy donors (CTRL, n = 3) and NPC (n = 3) skin fibroblast cultures. At least 400 cells have been counted for each cell line. Data are presented as mean ± SD of 3 independent experiments. (**J**-**K**) Nestin expression (red fluorescence) in hSKIN-MASC obtained from a healthy donor (**J**) and a NPC patient (**K**). (**L**-**N**) Unesterified cholesterol accumulation: images obtained after performing the filipin staining (blue fluorescence) in hSKIN-MASC derived from a healthy donor skin biopsy (**L**), a NPC patient skin biopsy (**M)** and a NPC skin fibroblast cell line (**N**)**,** respectively.](1750-1172-8-34-1){#F1}

In order to characterize the selected cells, their surface immunophenotype was analyzed. As shown in Figure [1](#F1){ref-type="fig"}E and Table [1](#T1){ref-type="table"}, cells obtained both from skin biopsies and fibroblast cell lines displayed an antigenic pattern characteristic of mesenchymal stem cells, very similar to the one observed in MASC isolated from heart, liver or bone marrow \[[@B19]\]. No major differences were observed between cells derived from NPC patients or normal controls.

###### 

Surface immunophenotype of stem cells isolated from skin biopsies or culture fibroblasts

                **Healthy donor (skin biopsy)**   **NP-C (skin biopsy)**   **Healthy donor (fibroblast culture)**   **NP-C (fibroblast culture)**
  ------------ --------------------------------- ------------------------ ---------------------------------------- -------------------------------
   **CD49d**              95.9 ± 3.2                   99.89 ± 0.22                      99.1 ± 0.7                          99.9 ± 0.08
   **CD49a**              37.5 ± 7.2                    48.6 ± 0.4                      6.38 ± 2.51                         54.18 ± 3.44
   **CD49b**              96.48 ± 2.8                  99.21 ± 0.3                      99.98 ± 0.1                          99.95 ± 0.2
    **CD29**             43.33 ± 12.5                  62.75 ± 1.05                     17.05 ± 14.7                         17.62 ± 4.9
   **ABCG2**              1.57 ± 0.7                   1.14 ± 0.02                      1.81 ± 0.06                          1.37 ± 0.25
   **CXCR4**              0.22 ± 0.1                   0.16 ± 0.01                      0.081 ± 0.06                         0.18 ± 0.05
    **CD10**               77.8 ± 13                     98 ± 0.4                       55.5 ± 20.7                          96.05 ± 1.2
    **CD66**              1.23 ± 0.7                   3.04 ± 0.05                       0.72 ± 0.7                          0.28 ± 0.23
   **CD133**              2.06 ± 0.34                  5.88 ± 0.28                      0.31 ± 0.08                          0.23 ± 0.12
   **CD271**              2.95 ± 1.33                  0.2 ± 0.071                      0.37 ± 0.31                          0.89 ± 0.24
    **CD44**              95.89 ± 2.7                  97.25 ± 0.2                      99.41 ± 0.7                         98.94 ± 1.02
   **CD105**               87 ± 3.4                    85.9 ± 2.78                      92.73 ± 4.35                        74.92 ± 30.8
    **CD90**              97.12 ± 3.2                  98.88 ± 1.41                     99.52 ± 0.28                         96.25 ± 3.7
    **CD73**              92.9 ± 3.7                   99.75 ± 0.08                     99.48 ± 0.4                          99.7 ± 0.19
    **CD34**               3.7 ± 1.7                    1.9 ± 0.1                       0.205 ± 0.12                         0.66 ± 0.83
    **CD45**               0.1 ± 0.2                   0.19 ± 0.01                      0.45 ± 0.04                          0.07 ± 0.02
    **KDR**               3.12 ± 1.1                   1.47 ± 0.03                      1.92 ± 2.18                          1.53 ± 0.18
    **CD13**              98.49 ± 3.7                   98.4 ± 1.9                      99.78 ± 0.21                        99.88 ± 0.15
   **CD117**              1.1 ± 0.67                   0.52 ± 0.03                      0.15 ± 0.13                          0.27 ± 0.3
   **HLA-DR**             0.37 ± 0.1                   0.12 ± 0.14                      0.65 ± 1.01                          0.03 ± 0.01

Cultured cells were then evaluated for the expression of stem cell markers, such as the pluripotent state specific transcription factors Oct-4, Nanog and Sox-2 and the intermediate filament nestin. As shown in Figure [1](#F1){ref-type="fig"}F-K, the vast majority of cells (65 to 90%) expressed these markers and this expression was independent from the disease state. In fact, no significant differences were observed between NPC and normal cells or between cells isolated from both skin biopsies and early passages of fibroblast cell lines.

In order to investigate whether the pathologic phenotype was retained in these cells, the intracellular accumulation of unesterified cholesterol was analyzed by filipin staining. A massive accumulation of cholesterol within the endosomal/lysosomal compartment was observed in cells isolated from either skin biopsies or fibroblast cultures of NPC patients (Figure [1](#F1){ref-type="fig"}L-N).

Therefore, in the light of these data, we decided to further characterize stem cells derived from already established skin fibroblast cultures and use them to develop a neuronal differentiation model.

Cell cultures showed two of the major features of multipotent adult stem cells such as clonogenicity and wide differentiation capacity. Specifically, when sorted as single cells into the wells of 96-well Terasaki plates, skin-derived cells were able to form proliferating colonies within 2 weeks after seeding. It is worth noting that cells derived from NPC patients seem to be less clonogenic than cells derived from healthy controls. Even if the differences were not statistically significant, this result suggests that some stem cells features may be compromised in NPC disease. The cells were able to differentiate along derivatives of all the three germ layers (Figure [2](#F2){ref-type="fig"}, Additional file [2](#S2){ref-type="supplementary-material"}: Figure S1 and Additional file [3](#S3){ref-type="supplementary-material"}: Figure S2). In this regard, cultured cells generated not only neurectodermic derivatives (see below) but mesodermal and endodermal ones as well. Specifically, cells derived from both healthy controls and NPC patients cultured in a medium added with IGF-1, bFGF and VEGF expressed the myocyte specific markers alpha-sarcomeric actin (ASA) and smooth muscle actin (SMA) and the endothelial cell marker CD31 (Additional file [2](#S2){ref-type="supplementary-material"}: Figure S1). Additionally, cells exposed to hepatocyte differentiation medium assumed a globular shape and became positive for cytokeratins 8, 18, and 19 (CK). Moreover, they acquired some hepatocitic functions such as the ability to store glycogen as demonstrated by the PAS staining (Additional file [3](#S3){ref-type="supplementary-material"}: Figure S2).

![**Neural differentiation of hSKIN-MASC obtained from already established skin fibroblast cultures.** (**A-B**) Phase contrast images of hSKIN-MASC after induced to differentiate toward a neuronal fate (5 days in N2 medium + 48 h in N3 medium, see methods) from a healthy donor (**A**) and a NPC patient (**B)**. (**C-H**) Neuronal markers detection: differentiated cells (5 days in N2 medium + 48 h in N3 medium, see methods), obtained from a healthy donor (**C**, **F**) or a NPC patient (**D**, **G**), express the neuron specific markers NeuN (yellow fluorescence, **C**, **D**) and MAP2 (green fluorescence, **F**, **G**). Nuclei are depicted by the blue fluorescence of DAPI staining. Quantitative evaluation of the percentage of cells expressing NeuN (**E**) or MAP2 (**H**) in cultures from healthy donors (CTRL, n = 3) and NPC patients (n = 3) skin fibroblast derived cultures, before (Undiff.) and after the exposure to neuron induction media (Diff.). At least 400 cells have been counted for each cell line. Data are presented as mean ± SD of 3 independent experiments one-way Anova test followed by Bonferroni post-test were utilized to compare means between groups. P values less than 0.05 were considered significant. P values less than 0.05 were considered significant. \*, \*\*, \*\*\*, *p*\<0.05 vs. columns 1, 2, and 3, respectively.](1750-1172-8-34-2){#F2}

Altogether these results indicate that cells obtained from fibroblast cultures of healthy controls and NPC patients exhibited almost an identical mesenchymal stem cell immunophenotype, expressed pluripotent state specific transcription factors, were clonogenic and multipotent; therefore, in analogy with our previous studies, we named them hSKIN-MASC.

Neural differentiation
----------------------

Twenty-four hours after the induction of neural differentiation, hSKIN-MASC showed remarkable morphologic changes. As shown in Figure [2](#F2){ref-type="fig"} (panels A-B) differentiated cells displayed an enlargement of the cellular bodies and the presence of long projections, closely resembling the morphology of neuronal cells. Importantly, the morphology of differentiated cells obtained from NPC patients and healthy donors was clearly distinct. In fact, with respect to healthy donors (Figure [2](#F2){ref-type="fig"}A), differentiated cells obtained from NPC patients (Figure [2](#F2){ref-type="fig"}B) were larger and presented numerous projections similar to dendrites.

Upon differentiation, a large fraction of hSKIN-MASC became positive to markers of the neuronal lineage. In particular, they expressed NeuN (Figure [2](#F2){ref-type="fig"}C-E), a neuronal specific nuclear protein, and MAP2 (Figure [2](#F2){ref-type="fig"}F-H), a structural protein specifically present in neuronal cells. Interestingly, the percentage of cells expressing NeuN was significantly lower in cells derived from NPC patients than in cells derived from healthy donors. In addition, differentiated cells did not express markers associated with glial differentiation, such as glial fibrillary acidic protein (GFAP) and oligodendroglial protein 4 (O4) (data not shown). These data suggest that the differentiation protocol described here specifically favored the differentiation towards the neuronal lineage. It is worth noting that, after differentiation, the cells became negative for the pluripotent state specific transcription factors Oct-4, Nanog and Sox-2, while the expression of nestin was maintained throughout the differentiation process.

To further characterize the type of neuronal cells obtained, mRNA expression of specific markers of dopaminergic (tyrosine hydroxylase, TH and dopamine transporter, DAT), cholinergic (choline acetyltransferase, CHAT) and GABAergic (glutamic acid decarboxylase, GAD) neurons were analyzed by real time PCR. None of these markers were detected in undifferentiated cells. After differentiation, both cells derived from healthy donors and NPC patients expressed similar levels of CHAT mRNA (Additional file [4](#S4){ref-type="supplementary-material"}: Figure S3), while the levels of TH, DAT and GAD mRNA were undetectable.

No differences in the levels of apoptosis have been detected between differentiated cells derived from healthy donors and NPC patients (Additional file [5](#S5){ref-type="supplementary-material"}: Figure S4).

To determine whether neuronal cells obtained from NPC patients retained the characteristic NPC phenotype, intracellular accumulation of cholesterol and gangliosides was analyzed by filipin staining and immunofluorescence, respectively. As shown in Figure [3](#F3){ref-type="fig"}, a massive accumulation of unesterified cholesterol was found in the bodies of differentiated cells obtained from NPC patients (Figure [3](#F3){ref-type="fig"}B). Furthermore, a percentage of these cells accumulated GM2 ganglioside as well (Figure [3](#F3){ref-type="fig"}D). Interestingly, the percentage of GM2 positive cells obtained applying the neuronal differentiation protocol to hSKIN-MASC from either NPC patients or a patient affected by Sandhoff disease was comparable (Figure [3](#F3){ref-type="fig"}F). GM2 accumulation was acquired during the differentiation process since this ganglioside could not be detected both in NPC fibroblasts (data not shown) and in undifferentiated hSKIN-MASC (Figure [3](#F3){ref-type="fig"}C). No accumulation of GM3 was detected both in normal and NPC cells (data not shown).

![**Pathologic accumulation of unesterified cholesterol and GM2 in differentiated hSKIN-MASC derived from NPC patients.** (**A** -**B**) co-immunostaining for the lysosome marker Limp 1 (red fluorescence) and for unesterified cholesterol (blue fluorescence), revealed lysosomal accumulation of cholesterol after neuronal differentiation (5 days in N2 medium + 48 h in N3 medium, see methods) only in cultures derived from an NPC patient (**B**), but not in healthy donor derived cells (**A**). (**C-F**) Expression and relative quantification of the glycosphingolipid GM2 by immunofluorescence: co-immunostaining for the lysosome marker Limp 1 (green fluorescence) and for GM2 (red fluorescence), revealed accumulation of the ganglioside only in differentiated cultures derived from NPC (**D**) and Sandhoff (**E**) patients, but not in healthy donor derived cells (**C**). **F**) The percentage of GM2 expressing cells was assayed in undifferentiated cells and after exposure to the neural inductive media (5 days in N2 medium + 48 h in N3 medium, see methods), and compared to cells obtained in the same way but from a patient affected by Sandhoff disease, a specific GM2 gangliosidosis. No GM2 accumulation was detected in both healthy controls (CTRL, n = 3) and NPC (n = 3) undifferentiated cells, whereas a significant fraction of differentiated NPC (n = 3) and GM2 gangliosidosis derived cells showed accumulation of the glycosfingolipid. At least 400 cells have been counted for each cell line. Data are presented as mean ± SD of 3 independent experiments; one-way Anova test followed by Bonferroni post-test were utilized to compare means between groups. P values less than 0.05 were considered significant. \*, \*\*, \*\*\*\*, p\<0.05 vs. columns 1, 2 and 4, respectively. The Sandhoff patient was omitted from the statistical analysis.](1750-1172-8-34-3){#F3}

Morphologic analysis of neuronal cells
--------------------------------------

As mentioned above, NPC differentiated cells presented a morphology that was clearly different from normal cells. Therefore, in order to quantify the morphologic differences observed, we analyzed the neurite maximal and average length, neurite extremity, segment and root count and neurite node points, using the Neurite outgrowth image program on cells that stained positive for MAP-2. Statistically significant differences were found for all the analyzed parameters between normal and NPC neuronal cell. As shown in Figure [4](#F4){ref-type="fig"}, NPC differentiated cells presented longer neurites and a greater number of neurite extremities, segments, roots and node points.

![**Morphometric analysis of differentiated cells obtained from hSKIN-MASC of healthy donors or NPC patients.** (**A- B**)**:** Phase contrast image showing the morphological differences between differentiated cells (5 days in N2 medium + 48 h in N3 medium, see methods) of a healthy donor (**A**) and a NPC patient (**B**). Specifically, NPC differentiated cells were characterized by distortion of neuron shape, ectopic neurites and meganeurite formation. (**C**)**:** Quantitative analysis of neuronal morphological parameters linked to neurite outgrowth as evaluated by a specific Image analysis software on MAP-2 stained cells. Data are presented as mean ± SD of 3 independent experiments; §, *p*\<0.01 vs healthy donors (CTRL).](1750-1172-8-34-4){#F4}

Discussion
==========

The remarkable advances in the ability to obtain stem cells from different tissues, including skin (reviewed in \[[@B13],[@B14]\] and \[[@B23]\]), which are able to differentiate into several cell lineages, offer the possibility to generate cells with neuronal characteristics from easily accessible sources.

It is conceivable then to develop human cellular models for the study of neurodegenerative diseases harvesting cells from skin biopsies of affected patients and committing them to a neuronal fate, thus paving the way to the study of pathways involved in the development of neurological diseases at the cellular level.

NPC is a genetic severe neurodegenerative disease characterized by the accumulation of cholesterol and other lipids within the late endosomes and lysosomes. Although the neuronal degeneration is the main feature in NPC patients, the molecular pathways linking the lipid accumulation and cellular damage in the central nervous system are largely unknown.

Therefore, we developed a human neuronal model of NPC disease using a method based on the induction of neuronal differentiation of stem cells isolated from skin biopsies or primary cultures of fibroblasts obtained from NPC patients.

Here, we demonstrated that it is possible to isolate clonogenic adult stem cells expressing mesenchymal and pluripotent state associated markers both from skin biopsies and fibroblast cultures. In analogy with the multipotent adult stem cells that we have previously isolated from several adult human tissues, these cells were widely multipotent, being able to differentiate into derivatives of the three germ layers \[[@B19],[@B20]\]. For these reasons we named them hSKIN-MASC. The fact that we could obtain multipotent stem cells only from early passages of fibroblasts suggests that immature progenitors may be retained in those cultures but are lost upon serial expansion *in vitro.*

In particular, cells differentiated to neuronal fate expressed markers of mature neurons (NeuN and MAP2) and displayed morphological features resembling neuronal cells. It is worth to highlight that nestin, a marker of the early ectoderm lineage, was expressed both in neural stem cells and in hSKIN-MASC. These data suggest that hSKIN-MASC may represent a population of cells that share some features with the ectoderm lineage. This observation also suggests a common origin between hSKIN-MASC and Skin-derived Precursors or SKP, a multipotent cell population isolated from human dermis that shows a differentiation potential towards both mesenchymal and neural lineages. SKP are believed to be of neural-crest origin \[[@B24]\] and are retained throughout adulthood, although they decrease with age \[[@B25]\].

A preliminary characterization of the type of neuronal cells generated by this method, suggests that under the experimental conditions described, hSKIN-MASCs differentiated to cholinergic but not to dopaminergic or GABAergic neurons.

Differentiated cells obtained from NPC patients showed some characteristic features of NPC phenotype. They accumulate unesterified cholesterol and GM2 ganglioside. The accumulation of GM2 ganglioside observed in the differentiated cells but not in fibroblasts or undifferentiated hSKIN-MASC, is consistent with data previously reported in NPC patients and NPC mouse models \[[@B10],[@B12],[@B26]-[@B29]\]. However, while these studies reported that NPC neuronal cells also accumulate relevant amounts of GM3 ganglioside, no significant accumulation of this ganglioside was found in our model. Since it has been described that the accumulation of GM2 in the brain precedes the accumulation of GM3 \[[@B10]\], it is possible to hypothesize that the model developed here recapitulates the early stage of the disease.

Furthermore, differentiated cells obtained from NPC patients displayed morphological features that are clearly different from those observed in cells obtained from healthy donors, such as the presence of longer neurites and a greater number of neurite extremities, segments, roots and node points. Interestingly, a distortion of the neuronal shape and an extensive growth of new ectopic neurites have been observed in cortical neurons obtained from human patients or animal models of NPC \[[@B29],[@B30]\]. In addition, although there is no clear loss of cholinergic neurons in NPC mice, it has been shown that in these animals cholinergic neurons display several morphological alterations \[[@B31]\].

The identification of morphological alterations in differentiated NPC cells that seem to recapitulate what has been described in human cortical NPC neurons is certainly fascinating. However, we cannot exclude that this phenotype is secondary to an impaired/altered differentiation of MASC isolated from NPC patients. Indeed, the lower percentage of cells expressing NeuN obtained after differentiation of hSKIN-MASC isolated from NPC patients seems to support this hypothesis. Further studies are planned to dissect the molecular mechanisms involved in this phenomenon.

Recently, two human cellular models of NPC disease have been developed by the specific silencing of NPC1 gene in the SH-SY5Y cells line \[[@B32]\] or in human embryonic stem cells \[[@B33]\]. Both models recapitulate the NPC biochemical phenotype. Although neuronal models obtained through the down-regulation of NPC1 expression in human cells may be useful to analyze some aspects of NPC pathogenesis, they are not suitable for the analysis of the impact of specific mutations on the pathologic phenotype or for testing mutation specific therapeutic strategies.

The model described here offers three main advantages with respect to the models cited above: 1-it was developed directly from patient's cells and therefore it would be useful to analyze the effect of specific NPC1 mutations within the context of the patient genetic/epigenetic background; 2-it was obtained through the differentiation of cells obtained from accessible sources, such as patients cultured fibroblasts, usually available in many laboratories for diagnostic purposes; 3-it did not involve the forced expression of transgenes in target cells, thus avoiding confounding results due to the reprogramming process.

Conclusion
==========

We have demonstrated that it is possible to isolate stem cells from skin biopsies or fibroblasts in culture and to commit them to a neuronal lineage. Differentiated cells obtained from NPC patients present the main features of NPC disease. Therefore, this model will be useful to study the molecular basis of NPC neurodegeneration and might represent a powerful tool to perform drug screening on cells obtained from NPC patients presenting different genotypes. In addition, the strategy described here may be applied to easily generate human neuronal models of other neurodegenerative diseases.
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###### Additional file 1: Table S1

Sequences of oligonucleotides used for real-time PCR.
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###### Additional file 2: Figure S1

Mesodermic differentiation of hSKIN-MASC obtained from already established skin fibroblast cultures (hSKIN-MASC). (A-B) Phase contrast images of healthy donor- (A) and NPC patient- (B) derived hSKIN-MASC after exposure to a medium added with IGF-1, bFGF and VEGF. (C-F) Myocyte marker detection: differentiated cells, obtained from healthy donor (C,E) or NPC patient (D,F), express the myocyte specific markers alpha-sarcomeric actin (ASA) (red fluorescence, C,D) and smooth muscle actin (SMA) (red fluorescence, E,F). (G-H) Endothelial cell marker detection: differentiated cells, obtained from healthy donor (G) or NPC patient (H) express CD31 (red fluorescence, G,H). Nuclei are depicted by the blue fluorescence of DAPI staining. (I) Quantitative evaluation of the percentage of cells expressing ASA (i), SMA(ii) and CD31(iii) in cultures from healthy donors (CTRL, n = 3) and NPC patients (n = 3), before (Undiff.) and after exposure to myocyte differentiation induction media (Diff.). At least 400 cells have been counted for each cell line. Data are presented as mean±SD; one-way Anova test followed by Bonferroni post-test was utilized to compare means between groups. \*, \*\*, \*\*\*, p\<0.05 vs columns 1,2 and 3, respectively.
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###### Additional file 3: Figure S2

Hepatic differentiation of hSKIN-MASC obtained from already established skin fibroblast cultures. (A-B) Phase contrast images of healthy donor- (A) and NPC patient- (B) derived hSKIN-MASC after differentiation into hepatocytes. (C-F) Hepatic markers detection: differentiated cells, obtained from healthy donor (C,E) or NPC patient (D,F) express the hepatocytes specific markers cytokeratins 8-18-19 (red fluorescence, C,D) and stained positive for the Periodic Acid-Shiff (PAS) staining (pink stain, E,F). Nuclei are depicted by the blue fluorescence of DAPI staining (C, D) or by the blue-stain of hematoxylin (E, F). (G) Quantitative evaluation of the percentage of cells expressing CK in cultures from healthy donors (CTRL, n = 3) and NPC patients (n = 3), before (Undiff.) and after exposure to hepatocytes differentiation induction media (Diff.). At least 400 cells have been counted for each cell line. Data are presented as mean±SD; one-way Anova test followed by Bonferroni post-test were utilized to compare means between groups. P values less than 0.05 were considered significant. \*, \*\*, p\<0.05 vs column 1 and 2, respectively.
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###### Additional file 4: Figure S3

Relative expression of CHAT mRNA in cells derived from healthy donors and NPC patients. The relative abundance of CHAT mRNA were analyzed by real time PCR in cultures from healthy donors (CTRL, n = 3) and NPC patients (n = 3), before (Undiff.) and after neuronal differentiation (Diff.; 5 days in N2 medium + 48 h in N3 medium, see methods). Data were normalized by the expression of GAPDH and expressed as mean as mean ± SD of 3 independent experiments.
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###### Additional file 5: Figure S4

Apoptosis in differentiated hSKIN-MASC derived from healthy donors and NPC patients. After induction of neural differentiation (5 days in N2 medium + 48 h in N3 medium, see methods) the levels of apoptosis were evaluated in cultures derived from healthy donors (CTRL, n = 3) and NPC patients (n = 3). Data are presented as mean ± SD of 3 independent experiments.
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